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genetic	 and	 phenotypic	 variation	 among	 populations	 and	 subspecies	 within	 a	
Neotropical	songbird	complex,	the	White-	collared	Seedeater	(Sporophila torqueola)	of	
Central	America	and	Mexico.	We	combine	measurements	of	morphology	and	plumage	




and	the	other	includes	S. t. morelleti	and	S. t. sharpei	from	the	Gulf	Coast	of	Mexico	and	
Central	America.	Surprisingly,	these	two	lineages	are	strongly	differentiated	 in	both	
nuclear	and	mitochondrial	markers,	and	each	is	more	closely	related	to	other	Sporophila 





the	 Isthmus	of	Tehuantepec	 into	Mesoamerica.	Finally,	 the	phenotypic	and	genetic	
distinctiveness	 of	 the	 range-	restricted	 S. t. torqueola	 highlights	 the	 Pacific	 Coast	 of	
Mexico	as	an	important	region	of	endemism	and	conservation	priority.
K E Y W O R D S
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quantifies	 genetic	 and	 phenotypic	 partitioning	 within	 and	 among	
species	to	provide	 insight	 into	the	patterns	and	processes	that	un-
derlie	 population	 differentiation,	 speciation,	 and	 diversification	
(Avise,	Arnold,	Ball,	&	Bermingham,	 1987;	Brito	&	Edwards,	 2008;	
Edwards,	Potter,	Schmitt,	Bragg,	&	Moritz,	2016).	Examining	concor-








The	 Neotropics	 are	 remarkably	 diverse	 (Orme	 et	al.,	 2005;	
Smith,	 McCormack,	 et	al.,	 2014),	 and	 numerous	 studies	 of	 biodi-
versity	 in	Central	and	South	America	have	generated	 insights	 into	
the	 roles	 of	 mountain	 orogeny	 (Cadena,	 Klicka,	 &	 Ricklefs,	 2007;	








graphic	 studies	 have	 primarily	 focused	 on	 the	 hyperdiverse	 biotic	










birds	 in	 Mesoamerica	 (Battey	 &	 Klicka,	 2017;	 DaCosta	 &	 Klicka,	
2008;	 González,	 Ornelas,	 &	 Gutiérrez-	Rodríguez,	 2011;	 Lavinia	
et	al.,	 2015;	Miller,	 Bermingham,	&	Ricklefs,	 2007;	Núñez-	Zapata,	
Peterson,	 &	 Navarro-	Sigüenza,	 2016;	 Ortiz-	Ramírez,	 Andersen,	
Zaldívar-	Riverón,	Ornelas,	 &	Navarro-	Sigüenza,	 2016),	 the	 lack	 of	
data	 for	many	 taxa	has	precluded	a	comprehensive	understanding	
of	 the	 biogeographic	 history	 of	 this	 region	 (Peterson	 &	 Navarro-	
Sigüenza,	2016).
In	 this	 study,	 we	 examine	 phenotypic	 and	 genetic	 variation	
among	 populations	 and	 subspecies	 within	 the	 White-	collared	
Seedeater	 (Sporophila torqueola)	 complex.	 The	 S. torqueola	 com-
plex—and	other	members	of	the	genus	Sporophila—includes	small-	






Burns	 et	al.,	 2014;	 Lijtmaer,	 Sharpe,	 Tubaro,	 &	 Lougheed,	 2004).	
However,	 the	 phylogenetic	 placement	 of	 S. torqueola	 within	 the	
subfamily	Sporophilinae	remains	uncertain	(Mason	&	Burns,	2013).	
Most	 taxonomic	 authorities	 have	 long	 recognized	 between	 three	
and	 five	 geographically	 restricted	 subspecies	 within	 S. torqueola,	
which	 differ	 primarily	 in	male	 plumage	 patterning	 and	 coloration	
(Clements	 et	al.,	 2016;	 Gill	 &	Donsker,	 2017).	 Here,	we	measure	
bill	morphology,	 body	 size	 and	 shape,	 and	plumage	 characters	of	
vouchered	 specimens	 to	 evaluate	 geographic	 variation	 among	
three	subspecies	groups:	 (1)	S. t. torqueola	 and	S. t. atriceps	 (here-
after	S. t. torqueola),	which	occur	in	the	Pacific	lowlands	of	Mexico,	
from	Sinaloa	southeast	 to	Guanajuato	and	Oaxaca;	 (2)	S. t. morel-
leti	 and	S. t. mutanda	 (hereafter	S. t. morelleti),	which	 occur	 in	 the	
Caribbean	coastal	lowlands	of	Mexico	from	Veracruz	south	through	
Central	 America	 to	 western	 Panama;	 and	 (3)	 S. t. sharpei,	 which	
occurs	 along	 the	 coastal	 Gulf	 of	Mexico	 from	 southern	Texas	 to	
Veracruz	(Figure	1).	We	also	use	a	large	panel	of	molecular	markers	
to	 examine	 how	 genetic	 variation	 is	 partitioned	 among	 individu-
als	 and	 populations	within	 this	 complex.	 Finally,	we	 consider	 the	
biogeographic	 history	 of	 the	 S. torqueola	 complex	 in	 the	 broader	




We	 measured	 standard	 phenotypic	 characters	 to	 examine	 geo-










S1),	 were	 all	 conducted	 by	 the	 same	 observer	 (Olvera-	Vital).	We	
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2.2 | Sampling, DNA extraction, target 
capture, and sequencing
We	sampled	68	vouchered	specimens	for	molecular	analyses,	includ-








We	 performed	 sequence	 capture	 of	 ultraconserved	 elements	
(UCEs)	 to	 acquire	 a	 reduced-	representation	 genomic	 data	 set	
(Mamanova	et	al.,	2010).	This	method	captures	DNA	fragments	from	
thousands	of	orthologous	loci	using	synthetic	probes	that	were	gen-
erated	 from	 alignments	 of	 amniote	 genomes,	 including	 chicken	 and	
Anolis	 (Faircloth	et	al.,	 2012).	Once	orthologous	 loci	have	been	 suc-




et	al.,	 2012;	McCormack,	Harvey,	 et	al.,	 2013),	various	 studies	 have	
demonstrated	 their	 potential	 to	 infer	 evolutionary	 processes	within	
more	 recent	 evolutionary	 time	 scales	 (Giarla	 &	 Esselstyn,	 2015;	
Harvey,	 Smith,	 Glenn,	 Faircloth,	 &	 Brumfield,	 2016;	 Smith,	 Harvey,	
Faircloth,	Glenn,	&	Brumfield,	2014).
We	processed	24	of	our	samples	using	published,	open-	source	
protocols	 for	 library	 preparation	 and	 UCE	 enrichment	 (Faircloth	
et	al.,	2012;	http://ultraconserved.org).	 In	brief,	we	sheared	100	μl 
of	 each	 DNA	 extraction	 after	 normalizing	 concentrations	 to	 a	
distribution	of	200–400	bp	using	a	Bioruptor	sonicator	(Diagenode).	
We	 did	 not	 shear	 degraded	 samples,	 including	 extractions	 from	
toepads	 of	museum	 specimens.	We	 constructed	 genomic	 libraries	
for	each	sample	using	KAPA	LTP	 library	preparation	kits	with	cus-
tom	PCR	 barcodes	 (Faircloth	&	Glenn,	 2012).	We	 pooled	 indexed	
libraries	into	groups	of	eight	and	enriched	each	pool	using	a	set	of	
5,472	 probes	 that	 targeted	 5,060	UCE	 loci	 (Tetrapods-	UCE-	K5v1	
probe	 set;	 http://ultraconserved.org).	 We	 performed	 an	 18-	cycle	
PCR-	recovery	and	combined	libraries	in	equimolar	ratios	to	achieve	
a	final	concentration	of	10	μM.	We	send	the	pooled	libraries	to	the	
UCLA	Genoseq	 Facility	 for	 250	bp	 paired-	end	 sequencing	 on	 one	




2.3 | Bioinformatic processing of UCEs and mtDNA
We	followed	a	modified	version	of	the	PHYLUCE	bioinformatic	pipe-
line	(Faircloth,	2016)	that	was	optimized	for	shallow-	scale	population	
genetic	 and	 phylogenetic	 downstream	 analyses	 (see	 https://github.






















2.4 | Phylogenetic and population genetic analyses
We	first	conducted	phylogenetic	analyses	on	all	individuals	using	the	
UCE	data	set.	For	the	phylogenetic	analyses,	we	extracted	the	1,000	






















































factors	of	marginal	 likelihood	 scores	associated	with	 three	plausible	
species	delimitation	hypotheses	(Grummer,	Bryson,	&	Reeder,	2014).	
We	 subsampled	 the	 five	 individuals	with	 the	 least	 amount	 of	miss-
ing	 data	 from	 S. t. torqueola	 and	 S. t. morelleti	 in	 combination	 with	
the	 three	S. t. sharpei	 and	 four	outgroup	 samples.	We	 restricted	our	
data	set	to	biallelic	loci	with	a	minor	allele	frequency	>0.1	and	<10%	
missing	 data;	we	 then	 extracted	 500	 random	 loci	 from	 this	 subset.	
To	 acquire	marginal	 likelihood	 scores,	we	 performed	 path	 sampling	
with	48	steps.	Each	step	included	100,000	generations	in	its	MCMC	
chain	with	10,000	pre-	burn-	in	steps	and	10%	of	subsequent	gener-
ations	 removed	 as	 burn-	in;	 these	 settings	 generated	MCMC	 chains	
that	 attained	 stationarity	 upon	 examining	 the	 posterior	with	Tracer	
(Rambaut,	Suchard,	Xie,	&	Drummond,	2014).
Finally,	we	estimated	demographic	parameters,	including	effective	





























the	optimal	 codon-	based	partitioning	 scheme	and	 corresponding	
models	 of	 nucleotide	 evolution	 for	 our	 mtDNA	 alignment	 using	
PartitionFinder	 (Guindon	 et	al.,	 2010;	 Lanfear,	 Calcott,	 Ho,	 &	
Guindon,	 2012;	 Lanfear,	 Frandsen,	 Wright,	 Senfeld,	 &	 Calcott,	
2016).	 The	 best-	fit	model	 included	 a	 separate	 partition	 for	 each	
codon	position.	Under	the	best-	fit	model,	the	first	codon	position	
evolved	 under	 HKY	+	I	+	Γ,	 the	 second	 codon	 position	 evolved	
under	GTR	+	I	+	Γ,	 and	 the	 third	codon	position	evolved	under	a	
separate	GTR	+	I	+	Γ	model.	We	used	BEAST	2	 (Bouckaert	et	al.,	
2014)	 to	 infer	 an	 ultrametric	 phylogeny	 with	 our	 partitioned	
mtDNA	 alignment.	 We	 implemented	 a	 relaxed	 log-	normal	 clock	
with	a	substation	rate	of	2.1%	per	million	years	linked	across	par-
titions	 (Weir	&	Schluter,	2008).	We	 ran	 three	 replicate	BEAST	2	
analyses	 for	 a	 total	 of	 100	×	106	 generations	 and	 discarded	 the	
first	 10	×	106	 generations	 as	 burn-	in.	We	 assessed	 convergence	
across	 BEAST	 runs	 by	 ensuring	 that	 effective	 sample	 sizes	 sur-




We	 designated	 eight	 biogeographic	 regions	 to	 reconstruct	 the	
biogeographic	 history	 of	 Sporophila	 (from	 northwest	 to	 southeast;	
Figure	4b):	(1)	northwest	of	the	Isthmus	of	Tehuantepec,	(2)	Central	
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American	 lowlands,	 (3)	arid	coastal	South	America,	 (4)	northern	sa-
vannas	 (including	the	Llanos	and	the	Guianan	savanna),	 (5)	Amazon	






2001).	We	 also	 included	written	 descriptions	 of	 species’	 preferred	
habitats	and	geographic	distributions	that	we	used	to	further	refine	
the	 boundaries	 of	 our	 biogeographic	 regions	 and	 determine	which	
regions	each	extant	species	occupies.
We	 subsequently	modeled	 the	 evolution	 of	 geographic	 distri-
butions	within	Sporophila	using	the	BioGeoBEARS	methodological	
framework	 (Matzke,	 2014).	 In	 brief,	 BioGeoBEARS	 reconstructs	









to	 account	 for	 founder-	event	 speciation	 (DEC	+	J;	Matzke,	2014).	
Users	can	then	select	the	best-	performing	model(s)	via	AICc	scores	







tial	parameter	estimates	to	d	=	0.0615,	e	=	0.0342,	and	j = 0.0001. 
All	other	settings	were	left	at	their	default	values.	With	eight	bio-
geographic	 areas,	we	 had	 a	 total	 of	 128	 possible	 states	 for	 each	
ancestral	 node	 as	 a	 node	 or	 species	 can	 occupy	 multiple	 areas.	








ments	 of	 over	 600	 specimens	 (Figure	2;	 Figures	 S1	 and	 S2).	 After	
performing	 a	 principal	 component	 analysis	 using	 the	 seven	 mor-
phological	 characters	 we	 measured,	 we	 found	 that	 PC1	 and	 PC2	
accounted	 for	 approximately	 30%	 and	 20%	 of	 the	 total	 variation,	
respectively	 (see	 Table	 S2	 for	 loadings).	 The	 multinomial	 logistic	
regression	with	continuous	morphological	measurements	and	pres-
ence–absence	 plumage	 data	 measurements	 classified	 individuals	
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presumably	 based	 on	 geographic	 location	 and	 coarse	 phenotype)	
90.3%	of	the	time	(S. t. morelleti	91.7%	correctly	classified;	S. t. shar-
pei	59.0%;	S. t. torqueola	99.0%),	suggesting	these	groups	are	largely	
diagnosable.
3.2 | UCE sequencing and population genetics
We	recovered	4,376	UCE	 loci,	which	were	320	bp	 long	on	average	
(Figure	S3).	A	total	of	788	loci	were	invariant,	while	the	remaining	loci	


















identified	 as	 S. t. torqueola	 and	 another	 that	 contained	 samples	 of	
S. t. morelleti	and	S. t. sharpei	 (Figure	3a).	However,	one	individual	fe-
male	was	mismatched;	this	sample	was	originally	identified	as	S. t. mo-
relleti,	but	was	part	of	the	clade	that	contained	mostly	S. t. torqueola 
samples.	We	recovered	a	similar	topology	and	 level	of	divergence	 in	
our	 phylogeny	 based	 on	 cyt	 b	mitochondrial	 sequences	 (Figure	3b).	






for	 the	 number	 of	 STRUCTURE	 population	 clusters	 with	 outgroup	
sequences	removed	 (Table	1).	Using	these	settings,	STRUCTURE	as-











(Table	2;	 Kass	&	Raftery,	 1995).	Our	 demographic	 analyses	with	G-	
PhoCS	 revealed	very	 low	 levels	of	 gene	 flow	between	S. t. morelleti,	
S. t. torqueola,	and	S. t. minuta	(Table	3).
3.3 | Biogeography of Sporophila torqueola
We	inferred	a	mitochondrial	phylogeny	that	was	concordant	with	pre-
vious	phylogenies	of	 the	group	 (Burns	et	al.,	2014;	Mason	&	Burns,	
2013).	Our	mtDNA	sequences	corresponding	to	S. t. torqueola	and	S. t. 
morelleti	were	not	inferred	as	each	other’s	closest	relatives.	Rather,	we	
inferred	that	S. t. torqueola	is	sister	to	a	mainly	Mesoamerica-	northern	
South	 America	 clade	 containing	 S. intermedia	 and	 S. corvina	 with	
strong	nodal	support,	while	S. t. moreletii	and	S. t. sharpei	were	more	
closely	 related	 to	 a	 clade	 comprised	 of	 other	 species	 of	 Sporophila 




model,	we	calculated	 the	marginal	probabilities	 for	each	of	 the	128	
possible	 states	 at	 each	 node.	Many	 nodes	 had	 high	marginal	 prob-
abilities	 for	specific	states	 (Figure	4a);	deeper	nodes,	however,	 typi-
cally	had	more	uncertainty	in	estimated	ancestral	ranges	(Figure	S6).	
The	 node	 corresponding	 to	 the	 most	 recent	 common	 ancestor	 of	
all	 Sporophila	 was	 estimated	 to	 occupy	 clearings	 and	 scrub	 of	 the	
Amazon	Basin	and	southern	Savannas	 in	South	America,	albeit	with	












strongly	 differentiated	 from	 S. t. morelleti	 and	S. t. sharpei	 (Figure	3).	
This	 pattern	 is	 corroborated	 by	 mitochondrial	 DNA,	 which	 further	
suggested	that	S. t. torqueola	is	more	closely	related	to	other	species	
within	Sporophila	than	S. t. morelleti or S. t. sharpei	(Figure	4).	Thus,	al-
though	the	deeply	divergent	lineages	recovered	here	are	diagnosable	
in	morphology	and	plumage	characters	(Figure	2),	similarity	in	overall	
plumage	 patterning	 has	 heretofore	 obscured	 the	 evolutionary	 his-





K Reps Mean LnP(K) Stdev LnP(K) Ln’(K) |Ln’’(K)| Delta K
1 10 −259379.15 6.99 NA NA NA
2 10 −128340.44 11.66 131038.71 135559.23 11622.95
3 10 −132860.96 56.82 −4520.52 67109.51 1181.05
4 10 −204490.99 152532.90 −71630.03 140483.79 0.92
5 10 −135637.23 7996.12 68853.76 1248863.56 156.18
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Model Species ML Rank BayesFactor
Current	taxonomy 1 −2824.46 2 –
Recognize S. t. torqueola and S. t. 
moreletti
2 −716.39 1 −4216.14
Recognize S. t. torqueola, S. t. 
moreletti, and S. t. sharpei
3 −5133.31 3 4617.7
ML	stands	for	the	marginal	likelihood	(loge).	Bayes	factor	is	calculated	with	the	equation	BF	=	2	×	(MLC
urrentTaxonomy	−	MLAlternativeModel).	 A	 negative	 BayesFactor	 value	 indicates	 support	 for	 an	 alternative	
model	over	the	current	taxonomy.	The	favored	species	delimitation	model	is	shown	in	bold.	A	differ-
ence	in	≥10	of	BayesFactors	indicates	strong	support	for	an	alternative	model;	our	results	therefore	






Taxon Mean Ne (HPD) Migration band Mean m (HPD)
Sharpei 12612.51	
(7954.55–30681.82)


































that	are	currently	considered	conspecific	(S. torqueola torqueola	and	S. torqueola morelleti	shown	in	bold).	(b)	Biogeographic	regions	used	in	the	
BioGeoBEARS	analyses	conducted	in	this	study.	The	colors	corresponding	to	the	key	in	the	lower	left	represent	the	same	biogeographic	regions	
in	panel	(a)










plumage	 characters	 that	 correspond	 to	 currently	 recognized	 sub-
species	(Figure	2).	For	the	purpose	of	this	discussion	and	clarity,	we	
hereafter	refer	to	these	lineages	as	separate	species:	S. torqueola	and	




2009;	 Stranger,	 Stahl,	 &	 Raj,	 2011).	 Our	 genetic	 analyses	 corrobo-
rate	this	assertion:	The	phenotypically	differentiated	S. torqueola	ex-
presses	 strong	genetic	differentiation	 from	S. morelleti	 among	many	











We	 recovered	 reciprocal	 monophyly	 between	 S. torqueola	 and	
S. morelleti	with	the	exception	of	a	mismatched	individual	(Figure	3a,b).	
This	 individual	was	a	 female	 (voucher	UWBM	112783)	 identified	as	
S. morelleti	 based	 on	where	 it	was	 collected	 in	 the	Campeche	 state	















between	S. torqueola	 and	S. morelleti	 have	 been	obscured	 by	 broad-	
scale	 similarity	 in	 plumage	 patterning	 and	 geographic	 distributions.	
Convergent	 phenotypes	 and	 biogeographic	 affinities	 have	 similarly	






tionary	 relationships	 among	extant	 taxa	 and	patterns	of	phenotypic	
evolution.	We	presented	multiple	 lines	 of	 evidence	 that	 support	 an	





ilar	 to	Darwin’s	Finches	 (Burns	et	al.,	 2014;	Campagna	et	al.,	 2017).	
Our	study	joins	others	in	describing	heretofore	unrecognized	species-	
level	 diversity	 in	 Sporophila	 (but	 see	 Navarro-	Sigüenza	 &	 Peterson,	
2004;	Rising,	2017),	 such	as	 the	newly	 recognized	species	S. beltoni 
(Repenning	 &	 Fontana,	 2013).	 Thus,	 rapid	 diversification	 seems	 to	





on	 the	biogeography	of	 the	genus	and	add	 to	our	understanding	of	
diversification	among	Mesoamerican	biota.
4.2 | Biogeography of Neotropical seedeaters
The	deep	molecular	divergence	and	phenotypic	differentiation	that	we	
recovered	within	the	S. torqueola	complex	changes	our	biogeographic	







of	 the	most	 recent	 common	 ancestor	 of	 all	 Sporophila	 remains	 un-
known,	our	analysis	suggests	a	biogeographic	origin	in	South	America.





of	 the	 Isthmus	of	Panama	 (Barker,	Burns,	Klicka,	Lanyon,	&	Lovette,	






the	 Isthmus	of	Tehuantepec	and	glacial	oscillations	 in	sea	 level	have	
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Cervantes,	 Brant,	 &	 Cook,	 2010),	 and	 other	 birds	 (Barber	 &	 Klicka,	
2010;	Cortés-	Rodríguez	et	al.,	2013).	The	distributional	patterns	ob-
served	in	S. torqueola	and	S. morelleti	are	similar	to	other	Neotropical	
taxa	 that	 span	 the	 coastal	 lowlands	 below	 1,000	m	 and	 border	 the	
Mexican	 mountain	 systems	 (Arbeláez-	Cortés	 &	 Navarro-	Sigüenza,	
2013;	 Huidobro	 et	al.,	 2006;	 Lavinia	 et	al.,	 2015),	 which	 roughly	
corresponds	 to	 the	Neotropical	 region	 of	 the	 established	 transition	
zones	between	Neotropical	and	Nearctic	fauna	in	Mexico	(Halffter	&	
Morrone,	2017;	Morrone,	2010).	Changes	in	sea	level	and	the	complex	
orogeny	of	 the	Mexican	mountains	may	have	 therefore	 contributed	
to	the	contemporary	distribution	of	S. morelleti	and	S. torqueola	by	re-
stricting	them	to	glacial	refugia	on	the	coastal	plains	of	the	Atlantic	and	
Pacific	Coasts,	 respectively.	Today,	 the	 Isthmus	of	Tehuantepec	 and	
the	lowlands	to	the	southeast	of	the	Sierra	Madre	del	Sur	mountains	
act	as	a	potential	 “node,”	or	connection	point,	between	the	western	
S. torqueola	 group	 and	 the	 eastern	 S. morelleti	 group;	 yet	we	 recov-
ered	no	evidence	of	gene	flow	between	these	two	lineages.	If	we	ac-
cept	 that	 there	 is	 little	ongoing	gene	 flow	between	S. torqueola	 and	
S. moreletti	(Table	3),	then	our	study	adds	to	frequently	unrecognized	
species-	level	endemism	in	the	Pacific	coastal	plains	of	Mexico.





nonavian	 reptiles	 (García,	 2006),	 numerous	 mammals	 (Escalante,	
Szumik,	 &	Morrone,	 2009;	García-	Trejo	&	Navarro-	Sigüenza,	 2004),	
and	terrestrial	invertebrates	(Morrone	&	Márquez,	2001).	This	region	
comprises	 the	northwestern	 limits	 of	 the	Neotropical	 lowlands	 that	
characterize	the	Mexican	transition	zone	(Halffter	&	Morrone,	2017).	
The	striking	ecological	gradients	 that	characterize	elevational	 rise	 in	
















the	 genus	 Sporophila	 transforms	 our	 understanding	 of	 the	 biogeo-
graphic	history	of	this	lineage	by	suggesting	there	have	been	multiple,	
repeated	 dispersal	 events	 out	 of	 South	America	 into	Mesoamerica.	
Finally,	our	study	suggests	a	taxonomic	split	to	recognize	S. morelleti 
and	S. torqueola	as	separate	species,	which	exhibit	pronounced	phe-
notypic	 and	genetic	differentiation	and	are	not	 sister	 species,	 high-
lighting	 the	 Pacific	 coast	 and	 lowlands	 of	Mexico	 as	 a	 region	 that	
harbors	high,	yet	underrecognized,	levels	of	endemism.
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